To examine the relationship between physical activity and ocular perfusion pressure (OPP), a consistent risk factor for glaucoma. METHODS. The relationship between previous physical activity and current OPP in 5650 participants aged 48 to 90 who attended the first (1993)(1994)(1995)(1996)(1997) and third (2006 -2010) health check as part of the European Prospective Investigation into Cancer (EPIC)-Norfolk study was examined. Usual combined physical activity at work and leisure was assessed using a validated instrument. Individuals were categorized as inactive, moderately inactive, moderately active, or active. Three IOP measurements were obtained (Ocular Response Analyzer [ORA]; Reichert, Inc., Depew, NY). Mean Goldmann correlated IOP (IOPg) from one eye was used in the analysis. Systolic and diastolic blood pressure (BP) were recorded as the mean of two measurements taken with a sphygmomanometer. Associations between physical activity and low (Յ40 mm Hg) mean OPP (2/3 mean arterial pressure Ϫ IOP) and low (Յ50 mm Hg) diastolic OPP (diastolic BP Ϫ IOP) were tested using logistic regression, adjusting for age, sex, body mass index, social class, IOP, and BP. RESULTS. Active people had a lower risk of mean OPP Յ 40 mm Hg and diastolic OPP Յ 50 mm Hg after adjusting for age, sex, social class, and body mass index (odds ratio, 0.75; 95% confidence interval [CI], 0.60 -0.93; P Ͻ 0.01) and (odds ratio, 0.73, 95% CI, 0.58 -0.93; P ϭ 0.01), respectively. The association between physical activity and perfusion pressure was independent of IOP, but largely mediated through diastolic BP.
P rimary open-angle glaucoma (POAG) is a chronic optic neuropathy, with characteristic changes of the optic nerve head (ONH) and visual field. 1 The "vascular hypothesis" suggests that abnormal perfusion of the ONH causes ischemia and poor nutrition of the retinal ganglion cell axons. 2 Studies have shown an association between vascular factors and open-angle glaucoma (OAG), including systemic hypertension, 3 hypotension, 4 vasospasm, 5, 6 and cardiovascular disease. 7, 8 Ocular perfusion pressure (OPP) is the difference between arterial blood pressure (BP) and intraocular pressure (IOP) and is an important determinant of ocular blood flow. 9 Cross-sectional and longitudinal studies in different populations have shown that low OPP is a consistent risk factor for higher prevalence, 3,10 -14 incidence, 15 and progression 16 of OAG. The relationship between BP and OAG is less consistent, with studies reporting positive, 7, 10, 11 negative, 17 and no association, 15, 18, 19 indicating that OPP is a more reliable vascular risk marker for OAG.
At present, IOP is the only modifiable risk factor in the treatment and prevention of POAG. 20, 21 Physical inactivity is an established modifiable risk factor for cardiovascular disease and hypertension. [22] [23] [24] There is a consistent association between BP and IOP, [25] [26] [27] [28] which suggests that factors which can modify BP, could have a potential impact on IOP and OPP, and consequently the risk of OAG. Physical activity has been shown to reduce systolic BP (sBP) and diastolic BP (dBP) primarily in middle-aged adults. 24 Because lower OPP can result from relatively low BP or relatively high IOP, it is unclear how factors that influence BP could affect ocular perfusion.
In this study, the relationship between previous physical activity and current OPP in men and women aged 48 to 90 years was examined.
METHODS
The participants in this analysis were part of European Prospective Investigation into Cancer (EPIC)-Norfolk, a prospective population study of men and women aged 39 to 79 years, resident in Norfolk, UK. The original cohort was recruited from registers of participating general practices in Norfolk as part of a 10-country collaborative EPIC study. Detailed descriptions of the selection methodology have been reported previously. 29 The study participants were 99.5% Caucasian and representative of the local population. In 2006, the EPIC-Norfolk cohort began the third questionnaire survey and clinical examination, with an additional full ophthalmic examination. The present study was based on data obtained from 5650 participants aged 48 to 89 who attended both the first (1993-1997) and third (2006 -2010) health checks. All participants completed a detailed self-administered health and lifestyle questionnaire and attended a local clinic for a physical examination. The study was approved by the Norfolk Local Research Ethics Committee and adheres to the Declaration of Helsinki. All participants gave signed informed consent.
Usual physical activity at the baseline health check (from 1993 to 1997) was assessed using two questions relating to activity in the past year. The first question asked about physical activity at work, classified into four categories: sedentary, standing (e.g., hairdresser or guard), physical work (e.g., plumber, nurse), and heavy manual work (e.g., construction worker). The second question asked about hours per week spent in other physical activity for both winter and summer (recreational activity). A simple index allocated each individual into four categories: inactive (sedentary job with no recreational activity), moderately inactive (sedentary job with Ͻ0.5 hours recreational activity per day, or standing job with no recreational activity), moderately active (sedentary job with 0.5-1 hour recreational activity, or standing job with Ͻ0.5 hours recreational activity per day, or physical job with no recreational activity), and active (sedentary job with Ͼ1 hour recreational activity per day, or standing job with Ͼ1 hour recreational activity per day, or physical job with at least some recreational activity per day, or heavy manual job). The physical activity scale used has been validated against heart rate monitoring with individual calibration in independent studies. 30, 31 In addition, the index is also inversely related to all cause mortality and incidence of cardiovascular disease in the EPIC-Norfolk cohort. 23 In the present study, we dichotomized the population into active (as defined above) or less active (inactive, moderately inactive, or moderately active) for the univariate and multivariate analyses. This categorization was selected because initial analysis showed that active people had significantly higher perfusion pressures compared with those in other categories. Furthermore, previous studies of physical activity and glaucoma risk factors focused mainly on people undertaking strenuous exercise or with high levels of fitness, and using active people as the comparison group is more likely to reflect similar mechanisms. 32 Social class was recorded using the Registrar General's occupationbased classification system. Social class I are professionals, class II include managerial and technical occupations, class III is subdivided into nonmanual (Class IIInm) and manual skilled (Class IIIm) worker, class IV consists of partly skilled workers, and class V are unskilled manual workers. Usual medication use was recorded from the participant's most recent prescription. All participants with antiglaucoma medications were excluded from the analysis to examine potential associations with untreated IOP and perfusion pressure.
A health examination was carried out by trained nurses in all health checks, following detailed standard operating procedures. All clinical measurements examined in this study were taken from the third health check from 2006 to 2010. Systolic and diastolic blood pressure was recorded as the mean of two measurements taken from the right arm with the participant seated for 5 minutes, using a blood pressure monitor (Accutorr Plus; Mindray, Huntingdon, UK). Height and weight were measured with participants dressed in light clothing and shoes removed. A stadiometer was used to measure height to the nearest 0.1 m, and a body composition analyzer (Tanita model TBF 300s; Chasmors Ltd., London, UK) was used to measure weight to the nearest 100 g. Body mass index (BMI) was then calculated using the formula: weight (kg)/height (m 2 ). Hip and waist circumference were measured with participants in light clothing.
Intraocular pressure was measured three times in each eye using a noncontact ocular response analyzer (Ocular Response Analyzer [ORA]; Reichert, Inc., Depew, NY) to generate measures equivalent to Goldmann applanation tonometry, the recognized reference standard in clinical practice. Mean OPP was calculated from 2/3 mean arterial pressure minus IOP, where mean arterial pressure ϭ dBP ϩ 1/3(sBP Ϫ dBP). Systolic perfusion pressure (SPP) and diastolic perfusion pressure (DPP) were also calculated by subtracting IOP from sBP and dBP respectively. Only measurements from right eyes were used.
Study population characteristics were examined using two-sample t-tests for differences in means and for differences in percentages, between men and women. An initial exploratory analysis between physical activity levels and OPP as a continuous variable showed an association with mean OPP and DPP, but not SPP. Therefore, to relate OPP levels to potential OAG risk, mean OPP and DPP were dichotomized using cutoff points that have been identified with increased prevalence of OAG from the literature. The dichotomization resulted in categorization of low mean OPP and DPP as Յ40 and Յ50 mm Hg respectively. 3, 15, 33 In addition, risk factor distribution by physical activity and by OPP category was examined. Univariate associations between both physical activity and OPP with potential confounders were explored using linear regression and a 2 test. A stepwise logistic regression model was used to examine the risk of low mean OPP, DPP, and SPP in previously active people compared with other categories combined, adjusting for age, sex, social class, education, BMI, systolic and diastolic blood pressure, and IOP. Indicator variables were used with all categorical variables in the multivariate analysis. The potential effect modification by age, sex, BMI, social class, systolic and diastolic BP, IOP, and BP-lowering and/or vasoactive (including anti-anginal and vasodilators) medication in the relationship between physical activity and mean OPP and DPP was investigated by using interaction terms. All statistical analyses were conducted using statistical software (STATA 10; Statacorp, College Station, TX).
RESULTS
The demographic characteristics of the 5650 men and women in this study are shown in Table 1 . Men were, on average, older than women. They also had higher BMI, systolic, and diastolic blood pressure. Intraocular pressure was similar in both men and women with a mean of 16.0 mm Hg for the complete cohort. There were higher proportions of men who were classified as professional and managerial, as well as skilled manual workers. Overall, men were more active than women. The mean OPP, SPP, and DPP for this cohort was 49. The distribution of risk factor variables by previous physical activity levels are shown in Table 2 . People who were active were younger and had higher dBP, and higher mean OPP and DPP. The more active individuals were also more likely to have manual employment and less likely to be prescribed antihypertensive or vasoactive medication. There was no association between physical activity and the variables BMI, sBP, IOP, and SPP. As SPP levels did not differ between different levels of physical activity, the remainder of the analysis was focused on mean OPP and DPP only. The association between risk factor variables and mean OPP and DPP categories is shown in Table 3 . People with low mean OPP were older, more likely to be women, with lower BMI, and sBP, and higher dBP. Similar associations were observed with DPP, except people with low DPP had lower dBP. Both low mean OPP and DPP was associated with higher mean IOP of approximately 3 mm Hg, consistent with a higher risk of OAG. There was no association between either low mean OPP or DPP with social class. A greater proportion of people with low DPP were prescribed antihypertensive or vasoactive medication. People taking these medicines were also more likely to have higher sBP, but lower dBP because systolic hypertension is more common in older people. 34 In a multivariate logistic regression model active people at baseline had 25% lower risk of low mean OPP after adjusting for age, sex, social class, and BMI compared with all other categories (odds ratio [OR], 0.75; 95% CI, 0.60 -0.93; P Ͻ 0.01; Table 4 ). The effect of physical activity on OPP was indepen-IOVS, October 2011, Vol. 52, No. 11
Physical Activity and Perfusion Pressure 8187 dent of IOP, but largely dependent on dBP. Similarly, the risk of low (Յ50 mm Hg) DPP was 27% lower (OR, 0.73; 95% CI, 0.58 -0.93; P ϭ 0.01) in active people. As with OPP, the effect of physical activity on DPP was independent of age, sex, social class, BMI, IOP, and sBP but was largely mediated through dBP. There was no evidence of an interaction between physical activity and the examined risk factors, except for medications in the model for DPP (likelihood ratio test for presence of interaction ϭ 0.02). The relative risk of low DPP stratified by current medication is shown in Table 5 . A higher level of previous physical activity was associated with low DPP, but only in people who were currently prescribed antihypertensive or vasoactive medication. Inclusion of medications in the multivariate model for OPP did not significantly alter the observed estimates shown in Table 4 .
DISCUSSION
In the present large population study of 5650 middle-aged and older Caucasian men and women, a high level of habitual physical activity at baseline was associated with a reduced risk of low OPP and DPP 10 years later. Using meaningful cutoff points of mean OPP and DPP that are associated with increased risk of OAG, 3, 12 it was shown that active people had a 25% lower risk of low mean OPP and DPP compared with people with lower levels of habitual physical activity. The findings of the present study indicate a potential protective effect of physical activity on the risk for developing OAG. The association between physical activity and OAG risk was independent of age, sex, social class, BMI, IOP, and systolic BP, but largely mediated through dBP. This is the first time, to our knowledge, that the relationship between physical activity and OPP has been investigated. However, there have been a large number of studies that have examined the effect of physical activity on BP and IOP, the two components of OPP. A large number of randomized controlled trials have shown that physical activity reduces resting sBP, with an average reduction of 3.4 mm Hg. 24 This in turn translates into a protective effect on the risk of coronary heart disease, 22 for which high BP is a major risk factor. The effect of physical activity on IOP has recently been reviewed by Risner et al. 32 Most studies have reported a reduction in IOP immediately or shortly after exercise, furthermore, people who have higher levels of fitness have also been shown to have lower IOP. 35 Although these studies were primarily based on small numbers of people undertaking higher levels of exercise, there is a strong suggestion that physical activity might have a protective effect on the risk of OAG through IOP. In the present study, active people had slightly lower IOP at follow-up, although this was not statistically significant.
The evidence for OPP as a risk factor for OAG is strong and more consistent than that for BP. Cross-sectional studies from the United States, 3, 11, 13 Italy, 10 The Netherlands, 14 Barbados, 15 Sweden, 19 and Singapore 12 from populations of White, Black, Hispanic, and Malay origin all demonstrate an association between low OPP and prevalence of OAG. In the Baltimore Eye Study, there was a clear threshold effect between DPP at 50 mm Hg and OAG, with no association at a higher DPP with OAG.
3 Similar threshold effects have been observed in other studies. 10, 12, 13 In the 9-year follow-up of the Barbados Eye Study cohort, Leske et al. 15 showed that participants with low mean OPP (Ͻ40 mm Hg) at baseline had nearly three times the risk of incident OAG compared with those with higher baseline mean OPP. Participants with low DPP (Ͻ53 mm Hg) also had a higher risk of OAG. Similar associations were also observed in the 4-year follow-up Barbados Eye Study. 33 Based on the findings of the Baltimore and Barbados studies, OPP Ͻ40 mm Hg and DPP Ͻ50 mm Hg levels were used as cutoffs to identify levels of low perfusion pressure in the present study. Although the Baltimore and Barbados studies were performed in different populations using different methodologies, use of these OPP and DPP levels provided some indication for potential risk of OAG.
Low perfusion pressure can be due to relatively low BP or relatively high IOP, but there is no conclusive evidence to show that either variable alone is solely responsible for low ocular perfusion in OAG. In the present study, active people had lower IOP, higher dBP, and significantly higher DPP. It was found that the association of physical activity was independent of IOP, but largely attenuated with the addition of dBP in the multivariate model, suggesting that the effect was mediated by the higher dBP in active people. Diastolic BP decreases in older people, and pulse amplitude widens, 36 reflecting a decrease in arterial compliance. 37 Higher levels of physical activity are associated with lower risk of arterial stiffness. 38 Therefore, it was of interest that for the present study population, active people were found to have narrower pulse amplitude (data not presented). This suggests that the beneficial effects of physical activity on ocular perfusion may be due, in part, to differences in arterial compliance. Furthermore, wider pulse amplitude has been shown to be associated with a higher prevalence of OAG. 14 In the stratified analysis, a higher level of physical activity was associated with low DPP, but only in those who were currently prescribed antihypertensive or vasoactive medication. One possible explanation is that use of these medicines could be a proxy indicator for poor cardiovascular health, and the protective effect of physical activity on tissue perfusion was magnified due to greater relative differences between people who were active and had minor indications for medication compared with less active people who may have had multiple pathologies. Whereas in those without BP-lowering or vasoactive treatment, there was less difference in perfusion between active and inactive groups as both groups have relatively good cardiovascular health.
Ocular perfusion pressure is an important determinant of ocular blood flow, 9,39 which in turn is maintained by autoregulatory mechanisms that allow adaptation to metabolic demands. Vascular dysregulation and unstable ocular blood flow has been linked to OAG and OAG progression. 40 In particular, primary vascular dysregulation (PVD) has a major effect on autoregulation and is a risk factor for normal tension glaucoma (NTG). 40 PVD is more likely to occur in women, similarly, there are more women than men among NTG patients, and untreated women have a more rapid visual field progression compared with untreated men. 41 Pasquale and co-workers 42 also showed a protective effect from higher BMI in women with incident NTG (IOP Յ 21 mm Hg at diagnosis). People with PVD tend to have normal or low BMI, 43 and the reported protective effect of higher BMI may be associated with PVD. In the present study, women and people with lower BMI had low perfusion pressure and this is consistent with a vascular dysregulation mechanism.
The threshold effect of DPP and OAG observed in epidemiologic studies support findings from laboratory studies that demonstrate a threshold effect in the vascular autoregulatory response to IOP increases. 44, 45 Therefore, with higher IOP and dysregulation in older people, a higher dBP may protect the ONH from poor perfusion and unstable blood flow. Physical activity has a protective effect on other disorders associated with dysregulation in older people, such as frailty syndrome, 46 and similar physiologic pathways may be evident in OAG.
The observed differences in perfusion pressure between active and less active people are small; active people had 1.2 mm Hg higher mean DPP than those who were less active. Although this may appear clinically insignificant on an individual level, small shifts in population mean values can have a significant impact on disease frequency. In randomized controlled trials, a 5 to 6 mm Hg reduction in dBP is associated with a reduced risk of cardiovascular disease, 47 similarly, the Early Manifest Glaucoma Treatment study showed a 10% to 13% increased risk in glaucoma progression per mm Hg higher IOP. 16 Furthermore, in the Advanced Glaucoma Intervention Study, the difference in mean IOP between patients with progressive disease and those with stable disease was 2.4 mm Hg. 48 The present study has several limitations. There are potential measurement errors in the assessment of physical activity and OPP. The physical activity scale has been validated with heart rate, 31 and previous studies using this questionnaire have shown increased risk of cardiovascular mortality with lower levels of physical activity, 49 suggesting that the instrument is reliable and accurate. A noncontact tonometer was used in the present study, which is less accurate than contact tonometers such as Goldmann applanation tonometry. 50 Furthermore, BP was taken at one point in time, and may not be an accurate assessment of the individual's diurnal BP. The potential for nonsystematic measurement error in physical activity and/or perfusion pressure would attenuate any association detected. Therefore finding a relationship between physical activity and ocular perfusion pressure can give us insights into possible lifestyle and biological determinants which are not well understood. Measurements were also taken during daytime hours, and the potential effect of nocturnal dips in BP and ocular perfusion cannot be assessed in this study. Glaucoma patients have a greater reduction in nocturnal DPP compared with controls, 51 therefore participants at risk of glaucoma in this study may have even lower nocturnal DPP than that observed in our daytime measurements. Secondly, OPP was estimated using brachial BP measurements, which is higher than ocular arterial pressure due to the hydrostatic column effect. However, clinical and epidemiologic studies that demonstrate an association between OPP and OAG have all used this surrogate measure, suggesting that although the calculation may not accurately reflect true OPP, it consistently reflected the risk of OAG. Use of the uncorrected formula to calculate DPP also allowed us to use cutoffs from other studies to indicate glaucoma risk. Additional analysis using the corrected formula (2/3 dBP Ϫ IOP) indicated similar associations with previous physical activity. However, the correlation between these surrogate measures of OPP and actual perfusion of the optic nerve head remains to be determined, and direct measurement of OPP will improve accuracy of risk estimation. Thirdly, physical activity was assessed at only one point in time, and changes in lifestyle were not taken in to account. Nonetheless, there is little evidence for the impact of other lifestyle factors on OAG or IOP, and any residual confounding factor is unlikely to alter the observed results. A recent perspective from the Blood Flow in Glaucoma Discussion Group concluded that it is unlikely that glaucoma treatments based on altering optic nerve perfusion will soon be available. 52 The unlikely introduction of such a novel therapy in the near future is primarily due to adverse cardiovascular implications of treatments that could alter ocular perfusion by modification of BP, particularly in older people. In the present study, it has been shown that higher levels of physical activity appeared to have a long-term beneficial impact on OPP, and potentially reduce the frequency of low OPP in older people and reduce risk of OAG. The statistical association detected here does not necessarily indicate a direct causal relationship, due to underlying complexities in the vascular mechanisms. Furthermore, the relationship between habitual physical activity and OAG has yet to be determined.
CONCLUSIONS
People with a previous active lifestyle have a lower risk of having low DPP and/or OPP, an association that appears to be partly mediated by dBP. Physical activity may offer a safe and simple method for reducing the risk of developing OAG. However, the role of lifestyle modification in the prevention of OAG requires further investigation.
